L ~ e
7l z/f.z:}; Ao S 7 3
I'4
.. TECHNICAL MEMORANDUMS @

WATIONAL ADVISORY COMMITTEE FOR AERONA&TICS "

,'Z/ D) " No. 8453
\

DETONATION AND AUTOIGNITIOR

SOME CONSIDERATIONS ON METHODS OF DETERMINATION

By G. D, Boerlage A

Journéas Techniques Internaticnales de 1!Aéronautigue
November 23-27, 1936

Washington
December 1937




IIIIIIIIﬂFIWIIIIIIIII

HATIORAL ADYISORY GQHHITTIE FOR ARZRONAUTICS

TECHENICAL MEMORANDUM NO. 843
DETONATION AND AUTOIGNITION
SOME CONSIDERATIONS ON METHODS OF DETERMINATION®

By G, D. Boerlage
SUMMARY

For the purpose of measuring the knock rating of a
fuel, the choice of a method is of less importance than
the sultable adaptation of a particular method, the impor-
tant conslderation being that this method be universally
recognlzed and imposed. For the purvose of sclentific in-
vestigatlon, however, such a unique method is not suffi-
clent, and various methods and englnes must be employed.

I have been asked to present a critical analysis of
the methods of determination of the tendency to detonation.
Consldering the large number of methods and numerous re-
sults already published, 1t appeared to me that such a
presentation should first of all concern 1tgelf wlth brlng-
ing out the essentlal nature of the problems involved in
the measurement of the detonation. No attempt haes there-
fore been made to describe in detail the different fuels
and the different methods proposed. The work 1ls based
chiefly on the datea obtained in the author's laboratory,
and the opportunlty is here taken of thanking the large
number of collaborators.

Measuremonts and Limlts

In general, the rating of fuels requires the conduc-—
tlon of measurements and leads to the prescription of lim-
1ts - the latter only reluctantly decided upon, since 1t
le recognized that on account of the great diverslity of
fuels, englnes, and operating conditions, these limits can-
not bo valid for all cases. It is known to desligners of

*n1Ls détonation et 1'auto- -allunage. Quelques considéra-
tione sur les méthodes de détormination." Journdes
Technlques Intornationales de 1 tAdronautique, November
23-27, 1936, pp. l-22.
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englnes thet whereas in certaln cases 1t 1s necessary to
remain within the prescribed limits, in other cases 1t 1a
pernissible to go consideradbly dbeyond these limits. En-
g€lne buyers, the governmenit, and other authoritles, how-
ever, denand clearly prescribed linite, so that in cases
where 1a practice no differences could be ascertalned, the
legal speclfications nevertheless require thece differ-
ences to be measured, and with great precision too. For
relntively simple physical and chemlical properties this
does not involve too great diffliculties. In certaln cases,
however, and particularly in the case of problems of deto-
nation, the differences to be measured involve an array of
factors that demand complicated methods, difficult to carry
out becanse of the necessity of measuring separately the
effecets of each of these factors.

ObJect to be Attalned

Before such measuroments are begun 1t is necessary to
see clearly the object which 1t is proposed to attaln and
to check whether the measurements made correspond to this
deslired obJect. It may be objected that this is gqulte ev-
ident but we shall see farther on that 1t 1s very useful
to bear this clearly in mind when we find ourselves in the
midst of a confuslion of problemg where it 1lg not easy to
recognlzo the method to be approached.

Tho exampvle of detonation brings out the following
difficulty: We all are acquainted with detonatlion as a
suspicloue noise in the englne - whilich nolse we all con-
slder more or less as a nulsance and whose intenslity we
are egreed should be measured. On reflecting, however, we
see that it 1s not the Intensltles themselves that we should
be concerned in measurlng, but rather the harm that 1s domne
by the detonatlon or, more properly, we should concern our-
gselves with the determination of the cause of thls harm.

If it 18 shown that thls causo bears a direct relation to
the lntenslty of the noise, then we may confine ourselves
to the measurement.of these intcnslties 1f guch measurement
is simple, Before having ascortalned such a relation, how-
evor, the measurement of the lntensitlies 1s, to say the
least, rather premature.

Theo fact that wo do not as yet know how to measure

tho ceuse of the harm produced by the detonatlion and that,
moreovor, we are not so certaln .of the nature of thisg harm,

—
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leads us- to conclude that we are not yet in a positlon to
Ehow tHF o6bJect to-be attalned. .M¥eapwhlle, we are content
simply with recording and computing as best we may, the
Phenomona obsorved. It is therefore wrong to entertailn
too many 1llusions as to the actual value of a critical
exposltion of the methods of measurement of detonatlon.,
As long es an acceptable analysis of the phenomena 1is
locking any presentation will remaln subJect to caution,

Ve shall nevertheless present an analysis which at
tho present time appoears to us accoptable, and we shall
make » critlcal exposition of the methods of moasuring
based on this analysis. This presentation will constitute
nothlng more than an attempt, however, and we are far from
Pretondlng thet the views here presonted are to be regard-—
cd os dofinitivo. Somo of our conclusions, naturally, will
not be novol, and wo ask to be pardoned for not mentioning
tho namos of all thc pioneors in the fiold.

I, CONSIDERATIONS ON THE PROCESS OF COMBUSTION

Our viows on combustion and dotonation previous to
the tests on the "onglino with window." Octaneé and ceteno
numbers.

For tho purpose of studylng tho combustion phenomona,
wo constructod o sveclsl ongine vrovided with guarts win-
dowvs. Bofore proceocding to tho results which we have ob-
tained with this ongino, wo shall summarize theo views pro-
viously hold by us on combustion and detonation.

Knocking in the Diosol engline is generally the more
intense the greater the ignition lag. ZFrom the very high
compresglion temperatures attalned in the Diesel (up to
about 1,000° C.), we have deduced the fact that the auto-
ignition which is developed at one or more particularly
favorable centers (nuclecar flames) should be chiefly an
effect of destructive combustion disrupting the molecules
thermally with the more or less effectlive assistance of
contact with the oxygen. In our opinion 1t was the gas
whlech was lgnlted, not the droplets, and the large quanti-
ty of tho gas was duo precisely to the effect of the first
inflommation. We introduced the ceteno number as 2 meas=—
ure of thoe quellty of tho inflammation in the engine.
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The tendency to detonation in the gasoline or spark-
l1gnition engine, measured by the octane number, showed s
number of polnts common with the tendency to knacking as
meagured in the Diesel engine. The cetene number expressed
the tendency to autolgnition, whereas the octane number, on
the contrary, the resistance to autolgnition. We found a
linear relation between the two (fig. 1), the octane num-
ber being more or less the opposite of the cetene number.
We are familiar with the method of Dumanois, who utilizes
‘thls property to determine the cetene numbers of a gas o1l in
e gasoline engine simply by determining the reduction in
octane number produced by the addltion of a small quantity
of gas o0il in the gasoline. We have also done the reverse =
that 1s, determined the octane number in a Diesel engine,
obtalning similar results. .Autoignitlion tests in the
C.F.R. englne with compression up to the polnt where the
electric lgnition could be disconnected, have shown us that
thls method of determining the tendency to autoignitlon of
gasollnes could be used to determine the octane numbers of
these fuels, the results showlng good agreement (fig. 2).
In these tests the time factor played a dominant part, the
autolgnition requiring more rigorous conditions the shorter
the time avalleble. The good correlation between the oc-
tane number and the tendency to autoignition thus measured
under modorate es well as severe condltions in the same en-
zine, appoars to indicate that we are confronted with prac-—
ticolly the same nrocess developing under very different
temporaturos, pressures, and timos.

On the other hand, the gecod corrolatlon bctwoen the
octane ~and cotcne numbers measured in englnos of quite dlf-
feront types, sppcared to 1ndicatec that again 1t was a
queetion of the same nrocoss in o Diesol engine. Tho probd-
lem of detonatlon in a gasolino engine thus appoarced to be
roduced to a problcm of autolgnition of the type known in
the Diesel englne, and thus a bridge seomed to have been
thrown between the "knocking" of tho Diesel and the deto-
natlion ln the gnsolline ongine. Figure 6 shows how the ex-
lgtonce of "Diesel" conditions can bo representcd 1n a
sparis~-lgnition engine. It may be scen that the "ondgas"

(a2 torm which will bo used to donote the portion of the
st111l unburncd charge which is compresscd by the portion
that is under combustion), undergoos a primary compression
duo to the pilston, rnd a socondary compression due to the
cffoct of the combustion released by the electric spark.
The total compression of the "endgas" therefore, is of the
order of rmagnitude of the compressions in the Diesel. Any
dlfference between autoignition in the Diesel ~nd the goso-
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line or spark-ignition engines was to be asceribed primari-
ly to the fact that the mixture in the Dlesel, contrary to
-conditlons in the case .of the gasollne engine, 1ls very
poor nnd far from belng homogeneous. The more explosive
detonation in the gnsoline engine was attriduted to the
more "simultaneous" (not "instantaneous") 1gnition of the
"endzas.” Detonation diasgrams that have been shown us .
prosonting "local pressures" double those recorded in the
combustion chamber, appeared to confirm the pleéture we had
formed of tho process and served to explaln the explosive
dotonatlon.’

Tests on the Engine with Windows

Let us now consider the results recently obtained 1n
our laboratory tests on the engine with windows.

Flgures 3 and 4 show the arrangement of the combustion
chamber and some combustion diegrams obtalned with a rotat-
ing mirror. It may be seen that we have followed more or
less the method of the French piloneer in the field, Duchene,
and of the General Motors. In our test engine the condi-
tions for detonation appear to be i1deal. A well-scavenged
cylindrical chamber assures & rectilinear propagation of
the flame. The possibility of changing the poslitiom of the
electric spark and of producing two sparks at desired 1ln-
stants at each end of the combustion chamber, permits the
flame fronts to be varled and enables very close study of
the accompanylng light phenomena. In many respects the
Plctures obtained will be seen to resemble those of Duchene.
Besides obeerving the phenomena in the rotating mirror by
the naked eye, a speclal photographic apparatus was added
that permits sufficlently clear photographs to be obtalned
of the accompanying light phenomena during a single combus-
tlion and the simultaneous recording of the pressure (fig. 5),
For thils purpose we have adapted a high-speed lndicator
(piezo-electric indicator construeted in our laboratory)
that enables the relation to be found between the light phe-
nomena and the pressure. The possibllity of employing det-
onation indicators such as the "bouncing pin," "thermoeleoc-
tric spark plug," etc., oenables the relation to be investi~
gated between the results obtained with these indlcators
and the light phenomena and pressure. Following are some of
the data on the englne that may help fix our 1deas: IEngine
1es single-cylinder, four-stroke-cycle, of about 3 horse~
power, bore 73 millimeters, stroke 89 millimeters, number
of revolutions per minute 1,000. OCombustion chamber is in
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the form of a vertical cyllinder of about 25 millimeters di-
ancter and 80 millimeters holght; helght of quartz windows,
70 nillimeters. utilizanble width 4 millimoters. Compres—
gslon ratlo 8:1. ZEnglane may be superchargod.

Without epenking of the other posslbilitlies offored
by the test engine, I wish to point out the followilng fact,
namely, thnt whercas 1n the normal engine everything pos-
sible 1s dono to suppress detonation, in the case of the
quartz-window tost engine, every effort has been made t
maintaln tho naturnl character of the detonation. :

Regults Obtained with the Quartz-Window Engine

Autolgnition a Relatlivoly Slow Phenomenon

. Wo shall now analyze the rosults obtalned and shall
.80¢ 1In what roaspoct thoy furnish us with new ideas on the
phonomonn of dotonation.

. The combustion in our test engine clearly presents

the character of a detonating combustion. First of all

the nolse 1s qulte comvaradle to that of the C.F.R. en-
gines, for example. The bouncing pln and the thermoelectric
spark plug also glve us comparable indications. Finally,
the piezoelectrlic indlcator clearly 1lndicates the detonat-
ing character of the combustion.

The first clear results showed that the detonation
(knock) coinclded with the appearance of a second ignltion
center - oan autoignition at the opposlte end of the primary
lgnitlon center; that is, the spark. It would seem ag if
this autolgnltion "fears" the proximity of the primary
flane. The "endgas" or portion of the fuel still undburned,
particularly in this engine, 1s not sufficlently homogene-
ous to produce a "simultaneous" combustlon. Thie is, more-
over, what we should expect since, even assuming perfect
homogenelty of the mixture as far as richness 1s concerned,
there 1s nn reason for assuming a thermal homogenelty of
thlis pixture in a comdbustion chamber of such elongated form.

In the case of figure 5, at the lnstant of appearance
of the "secondary" flame front, the pressure is of the or-
der of 30 killograms. The temperature of the "endgas" at
thisg Instant may be estimated to be 550° C., but 1t is ev-
ldent that the temperature may be locally much higher. It
thus apnears that the autoignltion, which causes detona-
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tion in this case, occurs under conditions of pressure and
tcuperature of the order of thnse encountered In the suto-
ignition of Diecel engines. This confirms the ovinion we
had alrcady expressed on this subjeet and would explain
the lincar relatlon (fig. 1) wvhieh we had found dbetween
the ocetanc number and the cetene number.,

In order to compare a Diesel-engine diagram wiltl a
svark-iznition or gasoline-engine diagran, it 1s evidently
noezssary to begin by creeting compveradble conditions. It
is nceassary, in particular, to take accovnt of the effects
of thc time facfor and of the guality of the mixture, which
are ¢ifferent in the two typves of cenglincs mand which heve a
groat e’Tcet on the tendency to autolgnlitlon. For thils
purpose we have compared the diagram of o Dlesel engine fod
withk o Tuwel of 2bout 50 cctene with the dlagram of our

quartz-window engiue operating on a gasoline of about 25 ce-

tone., Figure 6 chows schematlecelly that the two types of
¢nzines under the given conditions hove tke same level of
outoiznition. What survrised us, however, iIn the results
obtoined with the test engine, was the relatlvely slow

chnracter of the combusticn due to cutolgnition. The de- \ '

vcloprent of the second center of ignition was at all
polints similar to the progression of the primary flame due
to the snarke.

The "simultancous" combustion of the Yendgas' which we
have bolleved resvonsible for the knock, thus seems to be
reduced to the rather calm development of a secondary cenw-
tocr of ignition. Ferther on, in speeking of "knock" and
"nink" we shall return to this "calm" character of the dot-
onating combustion,

Te¢ have avoldod considering here the chemical charac-—
t2r of the detonatlion. It was suffliclent for us to know
tue rhysical character, which we would descrldbe todey as
the effect of the formation -~ earller or later in the cy-—
ele = of a center of zutoignition corrcevonding to a still
rclotlvoly zlow combustion of the "ernigas) but more or less
accelceratod, according to the character of the fuel, A
slisht detonatlion is normal in engines wlth full charge.

Snocd of Provnagation of the Flame Fronts

Ia order to facilitate the exnlanation, we shall speak
0f "nrimary" ard "sccondary" flame fronts. A computation
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of the speeds of propagation permlts us to reduce the ap-—
parent speed of the fronts to the actual speed of inflam-
mation., It wlll readlly be understood that the upper
flame front, which 1s supported on the fixed bottom of the
chamber, 1s propagated with an apparent speed greater than
the lower flame front which is supported on the burned gas
covering the piston head. It will also be seen that 1n a
slmple case the flame front 1g propagated wlth an apparent
specd greater than the resl spced (speed of inflammation)
because of the expanslion of the burned gases behind the
flame front, in much the same way as a boat descends a river
at full power and 1ls simultaneously carrled downstream by
tho rliver current.

Thls ieg what our analysis shows in figure 5, on which
may be seen how the secondary combustion due to the auto-
ignition thrugts back the primary flame front due to the
sparks Thlg analysls brings out the fact ~ which 1s rather
surprising at first, but after all readily understood -
that the veloclty of the secondary flame front is practic-
ally equal at each instant to that of the primary flame
front.

We heve never been able to make out sny speed equal
to the svoed of sound, but at most, speesds of 150 meters
per second, and these only 1n the case. of excessive detona-
tion. In the case of slight detonation the speeds do not
attaelin ocven half this flgure. At the start the primary
flame front ls propagated nt an speed no greater than 20 me-
ters ver gecond. It would avnear thet prelliminary reac-
tione take vlace ahead of the primary flame front - reac-—
tlons the result of which 1s autoignition. The spoeds of
the primary and secondary flamo fronts, which are sensidly
equel, lncrease only very slowly. It appears, however,
thnt the spoeds incroase as tho reactlons become stroager.
Turbulonce accelerntes the apparent speed 1ln the gaseous
mass but in no way changos the phenomenon whlch we have
just descrilbed.

Nomenclature

Ve propose to distingulsh botwoen "normal'" and "abnor-
mal' ignition, "Normal" ignition includes thc formation .
of the orimary and secondary flames and everythling that may
be consldered as unavoldable in the "nornmal" operation of
the cngine. The "abnormal!" ipnition includes all the avold-
able causes in the normal operation of the eagine. The "ab-
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normal" ignition ineludes all the avoldabdle causes in the
normal operation of the engine - for ezample, prelgnition
by hot spots.

In exceptional cases, abnormal (avoidable) ignition
may be produced after the spark ignition and thoe autolg-
nltion before the spark ignition. It 1s for thls reason
that we prefer the name "abnormal ignition" for all avold-
able lgnlitions. The term "preignition" therefore remalns
reserved for all normal and abnormal ignition produced be-~
fogre the lgnition by spark.

J} With seml-Dlesel engines we have even met wilth cases
yof lgnlitlon before 1njection. The diagram shows in this
case, before the injection, a pressure rise caused evi-
dently by & final combustion of the products previously
incompletely burned. This is still another case of Ypreilg-
'nition." It 1s possible for autolgnition tH® becoms pre-—

ignition ~ that 1s, abnormal ignition, and conversely,

Practically, the following two cases may be distin-
gulshed:

A -~ The fuel doeg not show any preliminary reaction
and the speed of the flamo fronts remains con-
stant (fig. 7).

B - The fuel shows a preliminary reactlion and the
spoed of the flame fronts finally increases
conslderadbly.

Actually, case A doos show some increaseo in speoed dut
always lesgs than case B.

Two stages may be distinguished for the "endgas":

Primary "endgas" behind the primary front, beforo
autolgnition occurs.

Secondary "gndgas) namely, that compressed by the
primary and socondary flame fronts. Thls term
may also be applled to the case of a. new auto-
ignition at ono or several polnts.

Finally, it is possible that the secondary "endgas®
undergoes an apparently simultaneous combustion dut our
-tosts with the window engine appear to indicate that the
secondary "endgns“ is burned bdefore attalning this extreme
stage.
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Beview of some of the special terms for which it is
usoful to use commonly accepted meanings:

Formel ignltion:

Ignitlon by spark.
Advance (rotard) of 1gnition.
Autoignition.

Abnormol lgnition: for exnmple, prelgnition by hot

spots or by autolignition.

Proignition: every ignition bofore the electric spark

or before injoction,

Prinmary and secondary flame fronts.

Renl speed of flame front: speed of inflammatiqni

Avparent spveed: sveed observed by the eys.

Primary and secondary "endgas."

"Restzas": bdurned gas not scavenged.

Bouncing pin.

Temperature plug.

Pink.

Knock.

Bumpy running.

Reproduclble results: 1identical results for identical

tests.

Problems in Connectlion with the Indicetor

The pressure increases more rapidly than would be ex-—
pected from the speed of the flame front. This is partly

explalned by
of volume of
creagses. 4%t
pears, there
becomes even

the fact that the number of calorles per unit
the "endgag" increases as the pressure in-
the instant when the primary flame front ap-
may be gseen a progressive pressure rise which
more intense at the instant the second flame
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front appears. Thus, the "endgas" 1s progressively burned
and more and more rapidly untll the last portion dlsap-
pears = that is, unti]l the ingtant when the two fronts re-
unlte.

- The pressure dlagrams show only moderate pressure
riges, and this 1s still another indirect proof of the
fact: that the speeds of the flames are relatively low and
remain much helow the speed of gsound.

We have not succeeded 1n demonstrating the exietenceo
of extreme local pressures. Invariably when they were ro-.
corded on a dliagram, we have been able to show that the
indicator was at fault. Thls is an important fact conceran- l
ing which we should like to obtaln some oxact informatlon
from other experimenters.

Every sudden varlation in the pressure rlse may cause
vibrations of the walls of the chamber and of the charge.
In the same manner certain parts of an insufficlently repid
indicator may start to vibrate. Finally, the entire englne
and 1lndicator may have recelved a shock causing selsmlc vi-
brations. It 1s therefore necessary to distlngulsh at least
four types of vibrations: vibratlons of the charge, of the
walls, of parts of the indicator, and selsmic vlibrations.
The 1deal indicator would evidently not show vibratlons of
the charge. It 1s very difficult to eliminate the selsmic
vibrations and those of parts of the indicator. By "chok-
ing" the dlagram they can bo made to disappear, but there is
then the danger of "juggling away" the essential vibrations
of the gas.

"Rnock" and "Pink" - Luminous Waves

We have not observed large luminous effects or 1arge'h"“m -
prossure riges at the instant the secondary flame front ap-
Poared. There was ovidently produced at this instant a
rather sharp change in tho pressuro rlse, as occurred some-
what lator, when the "endgas" was completely burned. Theso
discontinultios also showed up exactly in the images of tho
flamo. Often, particularly under severe conditions, the
firat discontinulty - that ies, the appearance of the sec-
ondary flame front . (autoignition) - .corresponds to tho ap-
pearance of lumlnous waves. Whon these luminous waves ap-
pear, they show up only very vaguely at flrst, then moro
clearly as the conditlons bocome more severe.
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These lumlnous waves correspond to vredsure waves as
our indilcator shows (fig. 9), It seems probable that
"these pressure waves, which are at most three, 1in our en-
gine, correspond to the nolge of '"pinking" - guite dis-
tinct from the nolse of "knoeklng," which appears to cor-
respond to a vibration of cortain parts of the engine. It
is difficult - perhaps, cvon impossible -~ to distinguish
the pinking nolse in the engine with windows. If this
nolse cppecrs at all, it 1g maecked by the knockling nolse.
The game 1s true, for that matter, in the case of the C.F.R.
engine. The sudden pressure varlation would already be
"gufficient to explaln these vibrations. The possibility,
nevertheless, should not be excluded that the appearance.
of nutoignition really corresponds to some explosive chem-
ical reaction, since the appearance of the pressure waves
isg rather pronounced. However, at least in the case of
our engine, tiis explosive reasction would only correspond
to o very feeble development of enorgy.

Begldes these very rapld vibratlions, it is still nec-
essory to tanke mccount of the possibillity of slower vi-
brotions. The bumpy ruaning, for example, would corro-
gpond rather to torsional vibrations of the crenkshaft and
of s0lid membhers.

It mey still be asked how the rough operatlon caused,
for sxnmpls, by excesslve turbulence or by the use of an
abnormal fuel, such as hydrogen, may bo lnterpreted. The
pressure rise in this case does not show well-pronounced
dipscontinvities except at the end of combustlion - a fact
which lc¢nds us to supposc taght there 1s no vpreliminary re-—
action. Apart from the effect of the shock which is to be
expacted from such a rapid combustion, no dotonatlon prop-
erly so~called 1is observed except perhaps in extreme cases.
Figure 10 flves a sketch summarizing what has been dis-
cusged.

II. COFSIDERATIONS OW THE METHODS OF DETERKINATION OF

TIEZ RESISTANCE TO AUTOIGHITION

Ve have attempted to glve an analysls of the phenom=
ena of combustlon and detonation. We do not clalm that
i1t s new or complcte, but it does appear to us at present
to be somewhat better founded. We may ask whether this
analysis will serve as a basis for discovering and passing
upon methods of measurements. We shall first speak of
methods applying to the automodlle.
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American C.F.R. Mothods - Adjustmernt of the Methods

- - - T T 4 . - -

On the C.FeR. engine the so-called "research" method
has been used, which consists of flrst establishing a com-
prossion ratlo which assures a strong detonation and then
comparing this regult wlth those obtained with the stand-
ard or reference fuels,

In order to-'check the wvalue of thls method for the
autornobile, some large-scale road tests were conducted at
Union Town in 1935. 1In principle, 1t was a gquestion, in
theso tosts, of adjusting the method to practice. Two wollw
adjugted difforent methods often give bottor agreement in
results thrn two different adjJustments of the same mothod.
The conclusion from the tosts at Unilon Town was that for
automoblles the "research" method was not sufficliently rig-
orous. It was adjusted by sdopting the so-called "motor
mocthod"; the r.p.m. was raisod from 600 to 900 and the tom-
reranturo of tho mixture, from the amblent temperature to
150° C, Here it wns not o question of n new method but
roally of a botter ndjustment to practice of the same meth-
od. It sooms that it would have been of advnntage to ap-
proach practico more closely still; for exoampls, by fur-
ther increasing the r.p.n. and raising the mixture tempor-
aturc to a losger degree.

Tho Ricardo E.35 Method

Wo must first present our due respects to the E.35 en-
glne of BRlicardo -~ the classical engine with variable com-
pression ratio. This engine is still in operatlon and 1%t
must be admitted that this classic method remalns one of
the bests It seeks to determine the highest useful com-
prosslon ratio that a gasoline can advantageously support.
The test condltions are gquite acceptable, the measurements
being carrled out under = moderate intenslty of detonatlion
and at o reasonable number of revolutions per mlnute
(1,500 repemi). The principal objection to the method ie
not on sclentiflic grounds but on excessive cost. The
large bore of 114 millimeters, possosses advantages in
certaln cases, unfortunatcly not possessed by the modern
small C.F.R. engino. Thus the E.36 engine is stlll today
tho one we profer at times for attacking the problems of
tho lerge truck engincs and alrplane engines without com-
pressor. '
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Method S.30 (Series 30)

The small Ethyl Gasoline Corporation S.30 engine, hav~
ing a conpression ratio of 8, and which has almost been
abandoned at present, was qulite practical. The method was
not bad. The throttle valve was opened until a normal de-
greo of dotonation was obtained - tho degree belng fixed
with tho ald of the bouncing pin. The mixture of standard
fucls was then sought which gave the same results, The
method was slimple and religble.

Standard Fuels

The introduction of standard fuels was certainly a
step in advance. It was Ricardo who introduced them 1in
1919, 1n determining his values in toluol. Today the use
of standard lso-octane-normal heptane mixtures has become
goncrel, These products have a sllight disadvantage, nome-
ly, thclr songltlvenoss to such factors as the temperanturo
Is somovhat dlfferent from that of most gasolinocs. It is ns
if meoasuromnents were made with a scalo which changos 1ts
length with the temporaturc. Fortunatoly, tho differenco
is not grooat, being at most soveral octano pointe. Goner-
ally thoso standard fuclsg zive cntlro satiefaction.

Othor licthods

What shall bo sald of tho numorous other mothods which
havo llvod through a few years only? They .2ll appoar fo
have becen sufflclontly satisfactory, and tho question 1la,
‘Why dld thoy disappoer? The annlysls wo have made will
help us to find the answecr.

Wo understand, in fact, that detonation occurs in
nll onglinos and any -ongino will permit us to obtaln octane
numbeors that may bo utilized., 4ny moethod for starting tho
dotonatlon mey be applied: throttle, ignlition advanco,
cooling teunperaturc, rovolutions por minute, or richncess
of the mixture. The intensgity of the detonation could Dbe
regulated by adding dopes to the fuel. Comparisons could
be mede by ear, or by using the bouncing pin or some pres-
sure indicator, or a "temperature pnlug," or the tempera-
ture of cooling water. The H.U.O.R. (highest useful com-
pression ratio) may be sought, or the maximum power, or
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the minimum fuel congpumption under certain conditions, or .
the minimum temperatures of the exhAust under predstermined
condltions, etc. Any of these methods may equally well be

usged,

Factors that Influenco the Detonation

We may here add the groat diverslty of factors that
affect the phonomonan of detonation and which must be taken
into account. On the part of the engine thorc 1s above all,
the offoct of tho tomporaturce of tho walls and of the
gasos, tho offect of the prossure, and tho effoet of tho
timo factor. It may be attempted to separate these effocts
but 1t 18 rather difficult to do so. There 1lsg the effect
of the catalyzer, for example, of the wallsg of different
temperature and material covered more or less by half-
burned products. There 1s the effect of turbulence, the
preponderant effect of the richness of the mixture, and
the effect of remaining burned gases. On the part of the
fuel are to be consldered all the mysterious propertles
that control the tondency to detonation (including the
dopoes), all of which roact differently undor difforent con-
ditions of tomporaturo, prossuro, and timo. We .acatlon
only tho effocts most 1n ovidence. Hone of thecre (ffoects
glves us a unique polnt on & dlagram but a sorles of llnes.

It is olso nocossary to tako into account tuo ftact
that tho conditlon of the ongino 1e qulito variatlec. A
dirty ongine, for oxanplo, wilill dotonate with a fuel of 80
octane at full charge whilo the same onglne 1f well cleoaned,
will give complote satisfaction at full throttle with o
fuol of 50 oetane, TFrom 80 to 50 1s qulto a difference -
which wo would do well to recall when, porhaps, we dlscuss
sono day, tho chancos of increansing the octane wvaluo from
64 to 66, for oxanmple,

In short, there is no cause for surprise that any
single mothod which provides but a single figure to indi-
cate the tendency to detonation, could ever be satlsfac-
tory for all regulrements. On the contrary, 1t i1s more
surprisging that, amidst all thils chaos, sufflclently suc—
cessful compromises may still be found.
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' The Object and the Complications Involved - '

To extricate ourselves from the dlfflculty, there 1s
only onc way, namely, to begin by maklng clear to ourselves
the object that 1s to be attained in these measurements.
The obJect, evidently, 1s to measure that which 1ls objec-
tionable in the detonation. The driver of a de luxe auto-
moblle who complaing of the detonation in kis engine at
full specd, does not, however, havo the same obJect as the
driver of an omnibus who complalns of dotonatlion during
accoloration. Theoretlczally, 1t would be necegsary to ap-
ply differont methods for all the dlfferent operating con-—
ditions of tho engine. Thlsg, evidontly, 1s lmpossible.

The Rostricted Object Should Be a Compromise

Attoinment of the obJect vhich we scek beclng an impos«
8lbillity, 1% 1s necessary to reduce our requirements., We
must make concoessions aand must compromiso. The obJjoct then
should be o conpromise which nppears acceptable to o suffie-
cieontly homogonoous group of interests; for oxample, auto-
moblle bullders or other speclalists in connection with ou-
tomobiles, Therofore, we requliro a method that approachos
practical conditions and which may oasily bo adjusted - a
simplo, inoxvonsivo ond, abovo all, reopld method thnt glvos
rogsults which may rondlly be ropneatod nnd whilch, for legnl
spocclficnotions, ovorn allowg docimnls to bc distingulshod
whore 1ln practico, ornly differonces 1n units could bo ob-
sorvod. TWc roguire abovo all = unique mecthod, since 1t will
be nocossary to cut short the innumoradle obJoctlons and
domands %o which all compromises nre unfortunately subjocte.
There should be at most two or three methods for two or
throe groupe of intcrests vhose objects will bc too diffore
ent for thom to be rcduced to a single group. It 1s then
no lorger o quoestion of dlscussing whether this or tho other
known method is bettor, sinco no "botter" exiasts; dut of
adoptinz a unigue univeorsally applied mothod, as we have just
pointed out.

It is theso conditiorns that tho so-callcd C.F.R. motor
rethod, universally rccognized for the automoblle, should
satisfy. Othor variants, no doubt, will bo proposed.

Thero 1s, for oxample, a differcnco botweon conditions at
full contlinuous lond and conditions cf acceleration, ofton
intcrruptod and followod hy poriods of avorage or zoro load.
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A bottor dosign for the bouncing pin would certainly bde
—¥olecome. Theso variants would be of no great importunco,
howoevor, and we shall not ‘discuss thom horo. -- - -

Tho jObJect“ in the Oase.of Airplane Engincs

Aviation ylelds quite a distinct group of interests.
It would therefore be necessary to require these interests
to agree as to what they conslder an acceptable compromise.
They, no doudbt, would prefer an engine of about 150 milli-
meters (6 inches) diameter; air-cooled in a stream of about
200 kllometers per hour (124 miles peg,hour). supercharged
to produce about 10 kilogramséﬂh Younds) mean effective
pressure. Vhen they comeé to bider the actual operatlion
cost of some 250,000 francs a year, they willl probadbly sesek
to reduce the requirements and end up, for example, dy
adopting an Installation that costs some 25,000 francs a
Year. The 250,000 francs installatlion could serve to de-
termine the conditlons in practice - supply a standard to
whlich the 25,000 francs installation must conform. Under
these conditions 1t would still be deslrable to use a uni-
versal onglne, liko the C.F.R., using a mcasuring proced-
ure adapted to the requirements of avlatione.

The C.F.R. "Aviation" Method (A.B. Ratio Method)

We belleve we have succeoded rather well in developiling

with the C.F.R, engine, a method which we have designated
the "A.Be ratio" (allowable boost ratio = that 1s, emount
of suporcharge admissible). What, in fact, are the require-
ments, of aviation engines? A high moan effectlive pressure,
a moderate compression ratio, maximum supercharge, high

Te.Pels, o modorate lnlet temperature, and an oxtremoly severe
regulation of the richnoss of the mixture. The automobile
1s doveloping in the direction of maximum compression ratlos;
that is, maxinum tomperatures and pressures, whoreas avia-
tion 1s doveloping in tho direction of maximum mean offec-
tive pressure - 1.0., of maxinum guporcharge. Tho pllot
has bofore hinm hils nanomotors, which indicate to hln each
noncnt tho menn pressure that ho could attaln. The wvalue
in octonoc detormined nccording to the C.F.R. "aviation!
nothod, will tell hinm approxinatoly whother his fuel will
porrlt that prossuro.
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Flgure 11 glves the relations between the varlous
factors consldered. It 1s interesting to note that the
theoretlcal mlxture 1s even legner than the mixture defined
by "lean adjustment" (which in practice is called lean
mixture). The figure shows the great importance which
would be attached to the nse of mixtures even leaner than
the theoretical, slnce 1t would at the same time permit an
inereaso in tho power and a lowerling of the temperature.

The C.,FP.R. motor method 1is very satisfactory up to

. about 80 octane; beyond that the preclslon of the readings

-diminlishes and there i1s less correlation with practice.

This method, moreover, does not bring out the erroneous

gain in power (up to 50 percent) which can be obtained by
?uperchagging the engine with fuels of 100 octane and more
fig., 12). .

An gnalysis of the causes of this defect would lead
us too far from our subject. It is sufficlent to say that
a serles of very complete tests has shown that by employ=-
ing supercharge 1in the tests on the C.F.R. engine the ex-
ceptional advantages which may be obtalned with fuels of
100 octane, may easlly be utilized.

We have already seld that four other methods could
glve similar results, the cholce of any one being immate-
rilal. Whoever has an engine at his dlisvosal may provose
2 new method provided he has been able to "adjust" it guf-
ficlently to practical requirements. We repeat that it is
e compromlse we need - a unique method.

Figure 13 brings out the effect of the factors con—
sldered on the fuel consumption. Figure 14 shows the ef-
feet of the detonation on the temperature. Figures 11,

13, and 14 particularly, bring out the danger of insuffi-~
cient control of the richness of the mixture. In approach-
ing a very lean mixture, the temperature and intensity of
detonation simultaneously reach a maximum and thls condil-
tlon, evidently, must be avoided.

Practical experience has clearly shown us that for a
sufficlently short time the engine perfectly reslists the
very severe detonatlons. It is only after some time that
the temperature of the cylinder head reaches a dangerous
value for the. metal and the lubricating oil. The englne
would, perhavs, resist cvon better 1f the autolgnition dild
not begin to occur ecarlier as the temperature kept rising.
Finelly, prelgnition occurs. Preignltion, under these
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conditions, is qulite a different thing from detonation,
-and 1s absolutely disagt#Sus. It leads-to pressures and
temperatures that simply "demolish™ the engine. It 1s
true that the loss .in power avolds some of the danger, but
in a multicylinder engine this may be ignored when only
one or two cylinders are at fault.

Research_and Routine

Having indicated what conditions a good method must
satlsfy for determining the antidetonating values of fuels,
1t 18 once more necessary to return to the fundamental
question of what is the obJect to be attalned.

Questions may evidently arise wlth regard to detona-
tion that would require special tests to answer. Let us
suppose, for example, that it 1s required to flnd the ef-
fect of the pressure, or the temperature, or the time on
the detonation. It would be misunderstanding us to suppose
that the methods we have Just described might be used for
these purposes. It 1s necessary to make a distinctlon be-
tween research and routine. For the purpose of ressearch,
it 18 necessary to uso differcnt englnes and to apply dif-
ferent methods, according to tho obJject which it is pro-
posed to attain. Tho results may perhaps sorve to correct
the cdjustment of the C.F.R, methods described.

For routine purposcs, it 1ls neceésary to mako usge of
a definito ongine and apply a definlte method.

III, COMBUSTION IN DIESEL ENGINES

Although the development of the Diesel engine for avi-
atlon purvoses 1s sgtill passing through a difficult peri-
od, the problem of welght ver horsepower pvlaying a prepon-
derant part, we do not wish to pass over thls engine wilth-
out addlng a few remarks.

The problem of combustion in Diesel engines 1e, above
all, & problem of autolgnition and disgtribution. -The tend-
ency to autolgnition 1s very well expressed In terms of a
cetene number. This number 1s determined for any engine
by ascertalning what mixture of standard fuels glves the
sane lgnitlon lags as the fuel examined. Tho differences
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in cetene for two different englnes are technlcally neg-
ligible gnd of less importance than the differences in oce
tane number that aroe found with different spark-ignition
engines. The fact should nevertheless be taken 1nto ac~
count thaot certaln englnes, llke those with separate cham-
ber, are not vory sonsltive to the quality of ignition,
and hence not sultable as test englnes. ;
If it is true that & high octane number contains a
promige of lncreased performance of a spark~ignitlon en-
€lne, the same 1ls not true of the cetene number for Diesel
engines. On the contrary, while an increased cetene num-
ber pormits easy starting and gives qulet operation, it
generally prevents the attalnment of maximum power and best
fuel consumption at full load. We have been able, in fact,
to show that the mixture remained 1mperfoct where too easy
ignltlion formed a kxind of "firo barrage" for the rost of
the fuol during the injJectlion. An lncreasod specific power
evidently requircs that a maximum portlon of the alr charge
s8hall takc part in the combustion, dut ths flire barrage
Prevents good dlstrlbution. The increased power 1s nccom-
panied by higher pressures but the foullng of the englne
is reducod. In thig case, too, & compromlse 1s imposed.
Recourse to higher cetene numbers, unllke hlgher octane
numbors, would certainly not lead to nn improvement of the
sltuation.

The quality of ignition of Diesel fuels 1is measured by
the ignition lag during the normal operation of tho engine.
Methods based on a minimum comnression ratio or on a mini-
mun starting temporature have shown themselves to bo less
suliable in giving ropoatable results. It 1s nocessary that
tho onglne remain clean during tho tosts.

As in the casc of spark-ignition ongines, it 1s prefer-
able to omploy mixtures of standard fuels.

As for tho distridution, it may be sald that it is
nainly controlled by certaln factors in the englne design.
Viscoslity doos not play n part here except in extreme cases,
the ignition qunlity and the volatility being prepondorant
factors. Nevertheless, i1t is necessary to take lnto account
the fact thot different cnglnos reanct differently to these
two latter characteristics.

For "rosoarch" tests on Diesel englnes, 1t 1ls there-
fore necossary to taoke different engines and to employ dif-
ferent methods, as we have polnted out for spark-lignition
engzines.
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In order to paas uniformly on the quality of 1gnition
of.a.fuel, however, that 1g, lts tendency to autolgnition
in the Diesel engine, 1t will be necessary to standardize
a slngle englne and a single method as was done for the
gepark~lgnition engino.

The samo arguments we have glven in the case of the
spark-lignition engine will here also be found. Many meth-
ods preosent themgelvos that may be utiliszed in practice,
Partlcularly 1f they approach normal conditions. It ls
uecless to seok any one method that 1s better than the
othors. It 1s necessary to find a compromlise. The dlffi-
cultles llo more in the "adjustment" of the moethod and 1in
tho perfocting of the measuring instruments than in the
cholcc of onglnc and method. Hore again the greatest dif-
fienlty 1is tho psychological one of sacrificing something
in ordcr to roach a comproriso.

Tronglation by S. Roiss,
Natloral Advigsory Committce
for Aeronautics.
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Figure 5.- Detonating combustion and sinmlteneous
pressure variation recorded in the engine
provided with windows,

Pigure 7.~ Non-~detonating combustion with two flame
fronts ignited by sperks,

&
Figure 9.- Luminous waves and pressure waves in a

detonating engine,
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